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(57> Abstract 

An electrical bioimpedance measuring device U used to measure changes in the electrical resistance of a segment of 
thethorax ofahuman body caused by changes in the blood perfusion in that segment resulting from the pumpmg action 
L?the ^ The^^cal^ the thorax also changes as a result of respiration, and the respiratory-uxduced 

chaa^^iraSy much larger than the cardiac-induced changes, cause large changes in the voltages measured by the mea- 
sSSUSS to order to suppress these large voltage changes, a clamping circuit (142) is included that is synchron- 
i^lilhX ^^ctri^ activity of the heart. TTie clamping circuit (142) is timed to clamp the voltages m the measurmg 
^^t to a^eline refe«nce voltage (144) in the time preceding the begiiming of mechanical ^Xf oj- ^^J^'^S* 
erasing is released during the mechanical systole of the heart so that the changes m the voltages (i.e.. the bioimpedance 
changes) caused by the pumping action of the hean during mechanical systole can be measured. 
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DIASTOIiC eiAMP FOR BIOIMPEDANCE MEASURING DEVICE 
paetecrroiin> ^ o*' Tnvention 

ytoH <? of Tnvention 

The present invention relates to apparatus and methods 
5 for measuring the blood perfusion through various tissue 
segments of the human body. In particular, the invention 
relates to apparatus and methods to measure the electrical 
impedance of a segment of a human body caused by changes in 
the volume of blood in the segment. 
10 pgae-gjpt ^nTt of tjift Related Art 

a!he electrical bioimpedance of a segment of a human body 
depends upon a number of factors, one of which is the 
quantity of blood and the conductivity of the blood. 
Measuring the electrical bioimpedance of the segment is a 
convenient means for non-invasively determining the blood 
perfusion of the various tissues in the segment. By 
measuring the magnitude of the unchanging components of the 
bioimpedance as well as the rate and amplitude of changes 
in the bioimpedance caused by blood flow generated by the 
pumping action of the heart, several important cardiac 
parameters can be calculated and used to determine the 
condition of the heart. 

lahen measuring the electrical bioimpedance of a body 
segment, such as the thorax, the primary interest is in 
25 changes in the electrical bioimpedance caused by the 
periodic increases and decreases in the quantity of blood 
in the segment caused by the periodic pumping action of the 
heart. The thoracic area of the humem body is typically 
the principal area where measxirements of the cardiovascular 
3Q bioimpedance occur because of the presence of large blood 
vessels that have significant changes in blood quantity 
throughout the cardiac cycle. However, changes in the 
thorax diaring respiration also cause changes in the 
electrical bioimpedance of the thorax and thus cause major 
35 difficulties in measuring the electrical bioimpedance of 
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tiie catrdiovasculaor actrlvlt^f in tihoracicr area. The 

changes In Uie bloimpedance dtie respliraiilon 2ure 

approxiiaa1:ely an order o£ magnllnide greater than the 
changes in electrical biois^edeuice cansecf by the heart and 
S are superimposed over the smaller ceurdiovascular 
bxoiz^edance chsmges to form a composite bioimpedance 
signal. 

Some devices presently being used require voluntary 
apnea to take a measurement o£ the cardiovascular component 

XO o£ bioimpedance. However, this regudLrement o£ apnea msGces 
it extremely difficult, if not impossible, to measure the 
cardiovascular bioi3iQ)edance in many instsmces. Often 
voluntary apnea cannot be performed because the person 
whose biois^edance is being measured is unconscious, under 

15 anesthesia, or ill. Further, even when voluntary apnea may 
be performed the undistiurbed cardiovascular electrical 
bioia^edance can be measured only for a short time. 

Moreover, it is' difficult, if not impossible, to 
coB^letely sepeurate the cardiovascular bioimpedance signals 

20 from the respiratory bioimpedance signals by using 
filtering. A common approach has been to use the first 
derivative of the composite of the bioimpedance signal. 
This reduces the magnitude of the problem because the 
dOerivative reduces the lower frequency/higher magnitude 

22 respiratory part of the bioimpedance signal. One such 
method, disclosed in U.S. Patent No. 4,450,527, calculates 
uses a sliding average of the maximum rate of impedance 
change over four heart beats to further offset the effects 
a± respiratory bioimpedance. Even with the improved 

3a methods presently available, respiratory changes in the 
bioimpedance continue to interfere with the accurate 
measurement of cstrdiovascu I ar bioimpedance. 

sinnTnaT-Y f^^^ the Invention 
The present invention includes an apparatus for non-- 

25. dLnvasively measuring the cardiac output of a patient 
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through ttie use of a bioiapedance measuring device while 
advantageously suppressing or eliminating the unwanted 
effects of respiration. A typical bioimpedance measuring 

device— comprises — a — ^high — frequency, — constant — an^litude 

S current source, the output of which is injected through a 
portion of the patient's body between a pair of current 
injecting electrodes. A pair of sensing electrodes senses 
the voltage across a second (inner) portion of the 
patient's body caused by the current flow in the first 
10 portion of the patient's body. The outputs of the voltage 
sensing electrodes are connected to an amplifier that 
provides an amplified electrical bioimpedance signal at its 
output. The electrical bioimpedance signal corresponds to 
the patient's thoracic impedance as a function of time- 
15 The bioimpedance measuring device further employs a 
differentiating circuit that differentiates the electrical 
bioimpedance signal in order to generate a differentiated 
electrical signal corresponding to the rate of change of 
thoracic impedance as a function of time. The apparatxis of 
20 the present invention is characterized by a clamping 
circuit that periodically clamps the differentiated 
electrical signal so that, the signal is active only for a 
predetermined time following he beginning of each cardiac 
cycle. The circuit advantageously suppresses or eliminates 
25 the unwanted* effects of respiration on bioimpedance 
measurements by foroing the signal to begin from a baseline 
voltage at the beginning of each cardiac cycle. 

In a preferred embodiment of the apparatus of the 
present invention, the clamping circuit comprises an 
30 electronic switch that is timed to be closed except during 
a predetermined time following the beginning of each 
cardiac cycle- The preferred embodiment of the clamping 
circuit also employs a coupling capacitor that is placed 
between the input of the clamping circuit and the source of 
35 the signal to be clamped. The invention further includes a 
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cXamping control circuit tlxat is responsive to the 
patient's electro-cardiac signals so that the clamping 
control circuit is synchronized with the patient's cardiac 

~ — cycle . The-T-ciamping— contro3r— circuit -provides — an-- oul^utr 

Si signal that controls the closing o£ the electronic switch 
that comprises the clashing circuit. Wxen the electronic 
switch is closed, the signal is clamped to a baseline 
voltage. When the switch is opened, the opposing voltage 
stored across the coupling capacitor forces the signal to 

jn start from that same baseline voltage. The effects of 
respiration on the electrical bioimpedance signal are 
thereby suppressed or eliminated since the respiratory 
contribution is typically of greater magnitude and lower 
frequency than the cardiac contribution. 

12: In accordance with a preferred embodiment of the 

invention, the clamping circuit is located at the input of 
t3xe differentiating circuit of the bioimpedance measuring 
device. In an alternative embodiment the clamping circuit 
and the coupling capacitor are placed at the output of the 

20 differentiating circuit. In either embodiment, the 
differentiated bioimpedsmce signal is clamped by the 
operation of the clamping circuit. 

According to another aspect of the present invention, 
there is also disclosed a method of measuring the cardiac 

2Sl output of the heart of a patient comprising the steps of 
applying a high frequency constant cfurrent to a first 
portion of the patient's body, sensing a voltage developed 
across a second portion of the patient's body caused by the 
flow of the high freqpiency consteuit current through the 
first portion, amplifying the sensed voltage and 
differentiating the sensed voltage to provide a 
differentiated output signal- The method of the present 
invention is characterized by the step of clamping the 
differentiated output signal so that the differentiated 

Z5> output signal has a fixed magnitude during a selected time 
period prior to the mechanical systole of the patient's 
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heart amd has a variable magnitude corresponding to the 
rate of change of the sensed voltage during the mechanical 
systole of the heart. 

" ^ Brief Description-Qf the-pr^vincrs- - - 

5 Figure 1 is a block diagram illustrating the 

components of a typical bioimpedance measuring device* 

Figure 2A is a graph of a typical electrical 
bioimpedance signal 2(t) caused by cardiac activity where 
the patient is peurticipating in voluntary apnea* 
20 Figure 2B is a graph of a differentiated electrical 

signal dZ/dt which is the derivative of the electrical 
bioimpedance signal Z(t) shown in Figure 2A« 

Figure 2C is a graph of a typical electrical 
bioimpedance signal Z(t) modulated by the electrical 
15 bioimpedance signal caused by respiration (shown in dashed 
lines) • 



WOS9/DI312 



FCr/US88/02833 



-6- 

Figure 2D Is a differentiated electrical signal dZ/dt 
wiiich is tbe derivative of the electrical bioiaspedance 
signal Z(t) shown in Figure 2C^ 

-Y^^^^^- 2^ Is a block diagram that illustrates - a 

5; preferred embodiment of the clamping portion of the present 
invention » 

Figure 3B is a blo«* diagram that illustrates an 
alternative embodiment of the clamping portion of the 
piresent invention » 
IQ Figure 4 is an illustration of the timing relationship 

that exists between a typical electrocardiogram signal, a 
typical electrical bioimpedamce signal 2 (t) , and a typical 
differentiated electrical signal dZ/dt. 

Figure 5A is a graph of a typical electrical 
15 bxoimpedance signal Z(t> modulated by the electrical 
bioimpedMce signal caused by respiration (shown in dashed 
lines) r also shown in Figure 2C. 

Figure SB is a graph of .the signal bhown in Figure 5A as 
it would appear when clamping is of minimum duration. 
20 Figure BC is a graph of the signal shown in Figure 5A as 

it. would appear when claunping is of maximum duration. 

Figure 6A is a graph of the differentiated electrical 
signal dZ/dt, also shown in Figxare 2D, which is the 
derivative of the electrical bioimpedance signal Z(t) shown 
25 in Figures 2C and 5A. 

Figiire 6B is a graph of the signal shown in Figure 5A as 
it would appear when clamping is of minimum duration. 

Figure 6C is a graph of the signal shown in Figure 5A as 
it would appear when clamping is of maximum duration. 

Figure 7 dLs a block diagram illustrating a preferred 
embodiment of the invention o 

Figure 8 is a detailed circuit diagram of a preferred 
embodiment of the electrical circuitry of the invention o 
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r>Aseglp <;ian of Piref erred Enbodigeni: 

Figure 1 diagrammatically illustrates a typical 
apparatus for measuring the cardiac output of a patient 
100. In order to obtain thoracic cardiovascular data, the 
5 output of a high frequency constant current source 102 is 
applied to a segment of the body of the patient 100 through 
a pair of current injecting electrodes 104 and 106, shown 
in Figure 1 as a pair of spot electrodes. For exaii5)le, in 
Figure 1, the segment of the patient's body is the thorax. 

10 A voltage is generated across the body segment by the flow 
of the high frequency current through the tissues between 
the two current injecting electrodes 104 and 106. The 
voltage is proportional to the magnitude of the constant 
current and also proportional to the electrical 

15 bioimpedance of the tissues between the two current 
injecting electrodes 104 and 106. The voltage is detected 
by a pair of voltage sensing electrodes 110 and 112 located 
on the body segment between the two current injecting 
electrodes 104 and 106. It should be understood that in 

20 many applications, the injection of current and the sensing 
of voltage may be accomplished with an array of electrodes 
rather than with two pairs of electrodes as shown herein 
for simplicity. The appropriate placement' of the electrode 
array, represented herein by the electrodes 104, 106, lie 

25 and 112, is disclosed by U.S. Patent No. 4,450,527, which 
is incorporated herein by reference. 

The two sensing electrodes 110 and 112 are electrically 
connected ro the input of a differential amplifier 114. 
Tiie voltage detected by the sensing electrodes 110 and 112 

30, is amplified by the differential amplifier 114 to produce 
an electrical bioimpedance signal Z(t) directly related to 
tlie bioimpedance of the patient's thorax as a function of 
tine. This electrical bioimpedance signal Z(t) is then 
orovided as an input to a differentiating circuit 116 that 

35 differentiates the Z(t) signal and produces a 
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differentiated electrical signal dZ/dt that corresponds to 
the rate of change of thoracic impedance as a fxinction of 
fciaae* The electrical hioi mpedance signal Z(t) and the 
aif ferentiated~ electr^^ "signal "~d2/dt~ are- provided- as 
5 inputs to a signal processing circuit 120 that analyzes one 
ox- both of the signals and calculates cardiac parameters 
that correspond to changes in the electrical bioimpedance 
signal. The calculated parzmeters are conmunicated to an 
operator by a visual display 122 such as a video monitor, a 
printer, or the like. 

The operation of the exeiziplary bioimpedance measuring 
system of Figure 1 can be understood by referring to 
Figures 2A and 2B which illustrate waveforms of exemplary 
electriceil bioimpedamce signals. Figure 2A shows a typical 

XJS voltage waveform generated by the differential amplifier 
1X4 in Figure 1 caused by cardiovascular activity where the 
patient is participating in voluntary apnea. Since the 
current applied to* the body segment of the patient 100 in 
Figure 1 is constsmt, the changes in the amplitude of the 

ZD voltage generated by the differential amplifier correspond 
to changes in the electrical bioimpedance of the body 
segment caused by changes in the volume of blood in the 
segment throughout the cardiac cycle and is thus labelled 
as Z(t> in Figure 2A« It should be understood that the 

ZS waveform in Figure 2A does not include the high frequency 
components of the detected voltage as such components are 
filtered- out by the use of a conventional low-pass filter 
(not shown) . 

Xt should be understood that the increase in blood flow 
2:q during the mechanical systole of the heart causes a 
decrease din the electrical bioimpedance of the thoracic 
aarea of the body. However, the differential amplifier 114 
typically inverts the 2(t) signal so that the Z(t) signal 
is typically illustrated as shown in Figure .2A with a 
IS positive-going transition corresponding to increased blood 
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perfusion during mechanical systole. This convention is 
used on the illustrations of the electrical bioimpedance 
Z(t) throughout this specification. 

Figure" illustrate waveforin-eorresponding- 
5 to the differentiated electrical signal dZ/dt generated by 
the differentiator 116 of Figure 1 and is thus the 
derivative of the electrical bioimpedance signal shown in 
Figure 2A. 

AS set forth above, the signal waveforms illustrated in 

iO Figures 2A and 2B are idealized waveforms that assume that 
the patient is holding his or her breath (i.e., apnea). 
The ideal signals illustrated by Figures 2A and 2B are 
often not available since voluntary apnea is difficult, if 
not impossible, to accomplish by a patient who is ill or 

15 under anesthesia. The signal more commonly available at 
the output, of the differential amplifier 114 is illustrated 
by Figure 2C which illustrates the electrical bioimpedance 
signal Z(t) due to cardiac activity modulated by -the 
electrical bioimpedance signal caused by respiratory 

20 activity (shown in dashed lines) . It is desirable that 
changes in the electrical bioimpedance signal caused by the 
cardiovascular activity be isolated from those changes 
caused by respiration. Since the harmonic content of the 
that portion of the bioimpedance signal caused by 

2S respiration is relatively low in comparison to that portion 
of the bioimpedance signal caused by the systolic portion 
of the cardiac activity, it has been found that the signal- 
to-noise ratio of the cardiac- induced changes in electrical 
bioimpedance can be improved by differentiating the 

2© electrical bioimpedance signal Z(t) shown in Figure 2C to 
obtain the differentiated electrical signal dZ/dt shown in 
Figure 2D. However, it can be seen that the dZ/dt signal 
waveform in Figure 2D comprises considerable variations in 
its amplitude caused by the changes in - electrical 

ZS bioimpedance caused by respiration. 
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TOxile using the differentiated electrical signal reduces 
the magnitude of the respiration-induced problem, the 

problem. .still_reaiaij^ particularly vit h r e spec t to the 

determination of the maximum rate of impedance change as 
S indicated by the maxima of the dZ/dt signal* Because the 
relative first harmonic frequencies of normal breathing and 
the heart are in approximately a 1 to 4 aratio^ one method 
previously used to suppress the effects of respiration 
involved the calculation of a sliding average of the 
maximum rate of izipedance change (the dZ/dt maxima) over 
four hesurtbeats» Such a method is disclosed in U.S. Patent 
No. 4,450,527. 

In addition to generating substantial unwanted 
excursions in the Z(t,) and dZ/dt signals, as discussed 

IS above, the respiration-induced chemges in the electrical 
- bioixKpedance signals tend to be large compared to the 
cardiac-induced changes in the electrical bioimpedance 
signals. As a result^ the circuits used to differentiate 
and amplify the composite electrical bioinpedance signals 

20 are caused to operate over a larger range of input 
magnitudes than if the cardiac-induced electrical 
bioimpedance signal alone were differentiated and 
amplified. 

The present invention provides a novel apparatus and 
25' method for substantially reducing or eliminating the 
effects of respiration in bioimpedance measurements by 
obtaining all the desired informettion during a time 
interval in each cardiac cycle corresponding to the 
mechanical systole of the heart- An important aspect of 
30: the present invention is the use of the electrocardiogram 
(ECG) signal to time the operation of a signal clamping 
circuit to be described belov. 

Figure 4 illustrates the timing relationship between an 
electrocardiogram (ECS) signal of the patient's- heartbeat, 
25; the. electrical bioimpedance signal Z(t), and the 
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differentiated signal dZ/dt. Figure 4 further illustrates 
the relationship between the above signals and the Pre- 
Ejection Period (the PEP interval), the mechanical systole, 
and -the aechanicalr-diastol^-of- ^e_ heart . _ _Re.fe«:ing_ to 
Figure 4, it can be seen that the coaanencement of the 
nechanical systole can be predicted by the occurrence of 
the QRS wave of the patient's electrocardiogram. The 
period of time between the onset of Q of the QRS complex 
and the commencement of the mechanical systole is referred 
to as the Pre-Ejectipn Period (PEP) of the heart and is 
typically greater than 40 mS. It can also be seen that the 
changes in electrical bioimpedance 2(t) and the 
corresponding changes in the differentiated electrical 
bioimpedance signal dz/dt caused by the increased flow of 
15 blood during mechanical systole do not occur until after 
the conclusion of the Pre-Ejection Period. Since the 
primary indication of the heart's ability to pump blood 
through, the vascular system of the patient's body is the 
heart's ability to rapidly increase the quantity of blood 
20 in the descending aorta during mechanical systole, it is 
generally sufficient to analyze the electrical bioimpedance 
signal Z(t) and/or the differentiated electrical 
bioimpedance signal dZ/dt during the time corresponding to 
the mechanical systole of the heart. During the rest of 
25 the heart cycle, it is not necessary to analyze the 
fluctuations in the Z(t) and the dZ/dt signals. Thus, it 
has been found that these fluctuations in the signals can 
be suppressed without losing significant electrical 
bioimpedance information related to the cardiac output. 

As will be described below, the present invention 
includes a clamping circuit having an electronic switch 
that is controlled by the QRS wave of the ECG signal of the 
patient's heart. The electrical bioimpedance signal Z(t) 
or the differentiated electrical bioimpedance signal dZ/dt 
35 is clamped in synchronization with the ECG signal so that 
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tiie fluctuations in the clamped signal sltb suppressed prior 
to the beginning of the mechanical systole of the heart. 
Since it is only important that the signal be clamped prior 
to the beginning of the mechanical systole of the heart, 
S the clamping of the Z(t) signal or the dZ/dt signal can 
begin as early as the end of the previous mechanical 
systole or begin as late as the occurrence of the preceding 
£CG Q— wave. Hence, the clamping has a minimum time 
dxiration approximately equal to the minimum PEP interval 

IB and has a maximxrm time duration approximately equaJL to the 
duration of the mechanical diastole. 

The general concept of the present invention is 
illustrated in Figures 3A and 3B. In Figure 3A, the output 
of the differential amplifier 114 is capacitively coupled 

15 ta the input of the differentiator 116 by a capacitor 140. 
The capacitor 140 couples the AC components of the signal 
output of the differential amplifier 114 to the input of 
the differentiator 116 and blocks the DC components of the 
signal. An electrically-controlled switch 142 is 

20 electrically connected between the input of the 
differentiator 1X6 and a baseline voltage reference 144. 
Although shown as a simple mechanical switch, it should be 
understood that the electrically-controlled switch 142 is 
an electronic switch that opens and closes in response to 

22: em electriczil input signal. One embodiment of such a 
switch will be disclosed in more detail below. 

W^&n the electrically^contrclled switch is open, th& 
signal output of the differential amplifier 114 is coupled 
to the input of the differentiator 116. When the 

3:0-. electrically-controlled switch is closed, the input of the 
differentiator is clamped to the voltage of the baseline 
voltage reference 144. The difference in the baseline 
voltage and the output voltage of the differential 
amplifier 114 appears as a voltage across the coupling 

3S capacitor 140 o In Figure 3A, the output of the 
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differentiator 116 is the differentiated bioimpedance 
siignal dZ/dt, and is provided as the input to the signal 
preeessing— circaiitry— 12.0_(JEigttre 1) or other circuitry. 
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such as will be described below. 

The operation of the circuit in Figure 3A is illustrated 
by the voltage waveforms in Figures SA, 5B and 5C. The 
voltage waveform in Figure 5A generally corresponds to the 
voltage wavefora in Figure 2C and represents the jS(t) 
output of the differential amplifier 114. As illustrated, 
the voltage waveform in Figure SA includes relatively large 
fluctuations caused by the combined effects of respiration 
combined with relatively small fluctuations caused by 
changes in blood flow during the cardiac cycle. 

Figure 5B illustrates the voltage waveform on the input 
of the differentiator 116 and demonstrates the effect of 
the electrically-controlled switch 142 on that voltage 
waveform when the electrically-controlled switch is closed 
for a short amount of time prior to the beginning of the 
mechanical systole of the heart. As illustrated in Figure 
5B, when the electrically controlled switch 142 is open, as 
during a time interval A, the voltage on the input of the 
differentiator 116 follows the voltage on the output of the 
differential amplifier 114. On the other hand, when the 
electrically-controlled switch 142 is closed, as during a 
time interval B, the voltage on the input of the 
differentiator 116 is clamped to the baseline voltage as 
shown. in Figure 53, the time interval B generally 
corresponds to the time from the occurrence of the QRS wave 
of the ECG signal to the beginning of mechanical systole. 
30 Thus, when the electrically-controlled switch 142 is again 
opened at the beginning of a time interval C, corresponding 
to the beginning of the mechanical systole of the heart, 
the voltage on the input of the differentiator 116 will 
begin changing, from the baseline voltage and will bs 
35 responsive to the fluctuations caused by the blood flow 
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generated during the mecdxanical diastole of the heart. 
Thereafter, the voltage on- the input of the differentiator 
116 will change in accordance with the changes in the 
otttput voltage from the differential a mplifier 114 until 
the electrically-operated switch is again-cTosed-durxng-a- 



the exectiTiceirJ-j-jr — — 

time interval D. Thus, rather than the voltage on the 
input of the differentiator 116 following the extreme 
voltage swings of the output of the differential amplifier 
li4, it. has relatively small voltage swings that begxn at 
the' baseline voltage and only change as much as the output 
voltage of the differential amplifier changes in one 
cardiac cycle. Time interval E again corresponds to a txme 
when the electrically-controlled switch is open and time 
interval F corresponds to a time when the eleotrically- 
IS controlled switch is closed. 

Figure SC illustrates a voltage waveform on the xnput of 
the differentiator 116 when the electrically-controlled 
switch 142 is closed throughout substantially all of the 
mechanical diastole portion of the cardiac cycle. Thus, 
za the voltage on the input of the differentiator 116 is 
clamped to the baseline voltage at all times other than the 
nechanical systole portion of the heart cycle. This has 
the advantage of further st^ressing the voltage swxngs 
applied to the input of the differentiator 116. In Figure 
SC, the time intervals A, C and E correspond to times when 
the electrically-controlled switch 142 is open and the time 
intervals B, D and F correspond to times when the 
electrically-controlled switch 142 is closed. 

Figure 3B illustrates an alternative circuit to the 
circuit in Figure 3A. In Figure 3B, the output of the 
differential amplifier 114 is connected directly to the 
input of the differentiator 116. On the other hand, the 
output of the differentiator 116 is not provided directly 
as an output. Rather, the output of the differentiator 116 
is couuled through a coupling capacitor 145 to provide an 
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AC-coupled output signal dZ/dtour- ^ the eaibodinent of 
Figure 3B, the AC-coupled output signal dZ/dtoux is 
electrically connected to the electrically-controlled 
switch 144 that is connected to the baseline reference 
5 voltage 144, as before. In Figure 3B, when the 
electrically-controlled switch 144 is open, the output of 
the differentiator 116 is coupled through the coupling 
capacitor 1.46 so that the AC-coupled output signal dZ/dtouT 
tracks the output of the differentiator 116. When the 

10 electrically-controlled switch 144 is closed, the AC- 
coupled output signal dZ/dtour is clamped to the baseline 
reference voltage so that any changes in the voltage 
generated by the differentiator 116 appear across the 
coupling capacitor 146. 

15 The operation of the embodiment of Figure 3B is 

illustrated in Figures 6A, 6B and 6C. Figure 6A shows a 
typical differentiated electrical bioimpedance signal 
dZ/dt, for example, such as that provided as an output of 
the differentiator 116. As set forth above, the 

20 fluctuations of the differentiated electrical signal dZ/t 
are reduced compared to the fluctuations of the electrical 
bioimpedance signal Z(t); however, the dZ/dt signal has 
large low frequency voltage swings that are not completely 
suppressed by the differentiation. Figure 6B shows the 

25 dZ/dtouT signal after having passed through the coupling 
capacitor 146 and when being selectively clamped by the 
electrically-controlled switch 142. . In Figure 6B, the 
slsctrically-controlled switch 142 in the embodiment of 
Figure 3B is closed from time of occurrence of the QRS 

30 portion of the ECG signal to the beginning of the 
mechanical systole of the cardiac cycle. Thus, the 
amplitude of the voltage of the dZ/dtour signal in Figure 
SB begins at the baseline reference voltage at the 
beginning of each mechanical systole. Time inteinrals A, C 

35 and E correspond to times when the electrically-controlled 
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switeh is open, and tiaxe intervals B, D and F correspond to 
tiaaes wlien the electrically-controlled switcli is closed. 

Figure 6C illustrates the dZ/dtour signal when the 
elsctrically-controiled switch 142 is closed to clamp the 
S dZ/dtouT signal from the end of mechanical systole to the 
beginning of the next mechamical systole (i*e., throughout 
substantially all of the mechanical diastole). Clamping 
throughout mechanical diastole substantially reduces the 
voltage fluctuations in the dZ/dtour signal. 

xa As set forth above, the present invention provides a 

novel apparatus and method for reducing or eliminating the 
effects of respiration in bioimpedance measurements by 
tafeing advantage of the fact that all of the desired 
information cam be obtained during a reoccurring period of 

IS., known duration. Hore specifically all of the desired data 
can be quantified during the mechanical systole of the 
hearts The undesirable effects of respiration are greatly 
reduced by clamping the bioimpedance signal or the 
differentiated bioimpedance signal to a baseline voltage 

20 level auid holding it at the baseline voltage until just 
before, commencement of the mechanical systole. The 
clamping provided by the present invention has the desirous 
effect of causing the electrical bioimpedajice signal 
(Figures 5B and 5C) or the differentiated electrical 

25 bioimpedance signal (Figures 6B and €C) to begin from a 
fixed base level at the beginning of each mechanical 
systole, thus reducing the extremes in the voltage changes 
in the electrical bioimpedance signal caused by respiration 
that occur randomly in relation to the cardiac cycle • 

20; The operation of the present invention when incorporated 

into an electrical bioimpedance system is further 
illustrated in block diagram form in Figure 7. As 
explained above in relation to Figure 1, a high frequency 
cxirrent source 102 is employed to create a voltage across 

2S the patient's thorax between sensing electrodes 110 and 112 
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by injecting current with the injecting electrodes 104 and 
106. The voltage generated between the sensing electrodes 
110 and 112 is detected by the differential amplifier 114 
and further amplified by an inverting amplifier 150. The 
5 amplified electrical bioimpedance signal Z(t) is then 
coupled through the coupling capacitor 140 and through the 
clamping circuit 142 (i.e., the electrically-controlled 
switch 142) to the input of the differentiator 116. 

The clamping circuit 142 is controlled by a clamping 

la control circuit 154 that is synchronized by a -ECG signal 
generated by an ECG amplifier 156. The ECG amplifier 156 
is electrically connected to the sensing electrodes 110, 
112 and operates in a conventional manner to generate an 
amplified electrical signal having a negative maacimtim 

23 corresponding to the R-wave of the QRS complex of cardiac 
electrical activity. The R-wave causes the triggering of 
the clamping control circuit 154, as will be discussed 
below. 

The output of the differentiator 116 is provided as an 

20 input to a variable gain amplifier 160. The variable gain 
amplifier 160 is adjusted so that 1 volt « 1 ohm/second. 
In other words, a one-volt signal output from the variable 
gain amplifier 160 corresponds to a one«ohm per second rate 
of change in the*- electrical bioimpedance (dZ/dt = 1 

25 ohm/second) . The variable gain amplifier 160 amplifies the 
differentiated electrical signal and outputs the amplified 
signal to a low pass filter 162. The low pass filter 162 
has a cutoff frsquency cf appro:cimatsly 20 Hz and removes 
60 Hz noise associated with the supply line voltage along 

3iO with other high frequency noise. The differentiated 
electrical signal dZ/dt is provided to the input of the 
processing circuit 120 so that the desired cardiac 
parameters can be determined and communicated to the 
operator by the visual display 122/ or otherwise o Since 

3S the electrical bioimpedance signal Z(t) is clamped prior to 
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the input of the differentiator X16, the signal provided as 
an input to the signal processing circuit 120 vill not have 
the large voltage fluctuations that if would have i£ the 
clampdtng circuit were not present. In Figure 7, the 
5 coupling capacitor 140 and the clamping circuit 142 are 
connected between the inverting asqplifier 150 and the 
differentiator 116, corresponding to the embodiment of 
Figure 3 A. It should be understood that in an alternative 
embodiment (not shown) to the embodiment of Figure 7, the 

10 coupling capacitor 140 and the clamping circuit 142 are 
dLnterposed between the output of the differentiator 116 and 
the input af the variable gain an^lifier 160 r in accordance 
with Figure 3B. 

Figure 8 is a detailed circuit diagram showing a 

15 preferred embodiment of the inverting amplifier 150, the 
coupling capacitor 140, the clamping circuit 142 (i.e., the 
electrically-controlled switch 142) , the clamping control 
circuit 154,- the differentiator 116 ^ the variable gain 
amplifier 160, euxd the low pass filter 162. The inverting 

20 amplifier 150 is designed so as to have a selected gain A 
(e.g. r A =* -100). The electrical bioimpedance signal Z(t) 
output by the differential amplifier 114 (Figure 6) is 
received by the inverting amplifier 150 and amplified in 
order to increase the amplitude of the signal to a usable 

25 value. The amplified electrical bioimpedance signal AZ(t) 
output by the inverting amplifier 150 is provided as an 
input to the clamping circuit 142 through the coupling 
capacitor 140. The clamping circuit 142 is controlled by 
the clampdlng control circuit 154 which, in the preferred 

3a embodiment, is advantageously a standard 555 timer 
connected for monostable operation. In the embodiment 
shown, the passive timing elements are selected so as to 
cause the 555 timer to have a triggered pulse duration of 
approximately 40 mS, approximately equal to the minimum 

3:5 duration of the PEP interval. The trigger for the clamping 
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control circuit 154 is derived in a conventional manner 
from the R-wave of the QRS complex of the electrocardiogram 
of the patient's heart so that the pulse output of the 
clamping control circuit is active for approximately 40 mS 
5 after the beginning of the QRS wave. The electrical 
bioiapedance signal Z(t) is clamped during the 40 mS pulse 
duration of the clamping control circuit 154. Thus, in the 
enbodiment shown, the clamping circuit 142 is active during 
most of the PEP interval and is released just prior to the 

Iff beginning of the mechanical systole of the patient's heart. 
The clamping action corresponds to the clamping action 
described above in connection with Figure SB. The clamped 
and amplified electrical bioimpedance signal is then 
provided as an input to differentiator 116 which 

15 differentiates the clamped 2(t) signal and provides a 
differentiated output signal dZ/dt. The differentiated 
electrical signal dZ/dt is provided as an input to the 
variable gain amplifier 160. The variable gain amplifier 
160 is adjusted such that each 1 ohm/second variation in 

20 the rate of change of the electrical bioimpedance signal 
Z(t) corresponds to a 1 volt variation at the output of the 
variable gain amplifier 160. The signal output of the 
variaOjle gain amplifier 160 is then passed through the low 
pass filter 162 in order to remove any high frequency 

25 noise. 

As set forth above, the electrically-controlled switch 
or clamping circuit 142 is an electronic switch that is 
controlled by the output of the 335 timer in the clamping 
control circuit 154. It should be understood that the 

3ia voltage output of the inverting amplifier has both positive 
and negative voltage swings with respect to a circuit 
ground reference. Thus, the clamping circuit 142 must be 
able to clamp either polarity of voltage swing to the 
baseline voltage reference. A detailed description of the 

25 ooeration of an exemplary preferred embodiment of the 
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clamping circuit 142 shown in Figure 8. Tliis paurbicular 
embodiment: advantageotisly clamps both the positive and 
negative output of the inverting amplifier 150. The 
amplified electrical bioia^edance signal AZ(t) generated by 
5 the inverting amplifier 150 is capacitively coupled to the 
clanging circuit 142 through the capacitor 140 ► While the 
output of the 55S timer in the clamping control circuit 154 
is low (approximately 0.1 to 0.25 volts), no clamping 
occurs since transistor 164 is in cutoff and negligible 

IQ current flows from the collector to the emitter of 
transistor 164. Furthermore, the diode 170 is reverse 
biased to prevent the diode 170 and the resistor 172 from 
effecting the amplified electrical bioimpedance signal. 

When the ECG trigger causes the output of the clamping 

IS control circuit 154 to go high, its output will be 
approximately 4 volts. The voltage available at the base- 
emitter junction, after the voltage drop across the 
biasing resistor 166 and the capacitor 168, will cause the 
transistor 164 to saturate. The collector^eaaitter 

2:0 saturation voltage, Vce(sat)f transistor 164 will be 

approximately equal to 0.2 volts and the voltage drop 
across the now. forward biased diode 174 will be 
approximately 0o7 volts. Hence, during clamping, the 
voltage at the output of the clamping circuit 142 equals 

25 the sum of the voltages across the diode 174 and the 
collector-emitter junction of the transistor 164 and will 
be approximately 0.9 volts. "Nhenever the .clamping circuit 
142 is active ^ the diode 170 and the resistor 172 are 
operating as a relatively constant 7.9 mA current source to 
both the diode/transistor 174, 164 combination and the 
coupling capacitor 140 in order to maintain a constant 0,9 
volts at the output of the clamping circuit 142. The 
current provided by the diode 170 and the resistor 172 is 
equal to the current through the resistor 172 which can be 

25 calculated usdLng the following equation; 
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Vi555 Timer " Vpiode^^^;-;^ 
Rl72 

555 timer (e-g., approximately 4.0 volts), ^DiodB is the 
forward voltage drop of the diode 170 (e.g*, approximately 
0.7 volts) and R172 is th© resistance of the resistor 172 
Ce.g*, 330 ohms). When the appropriate values are 

substituted for the above variables, the following is 



10 



15 



obtained: 



4.0V - 0.7v - 0.9v 2.6V 
330 Ohms 330 Ohms 



= 7.9 mA 



The output of , the inverting amplifier 150 supplies the 
charging current to the coupling capacitor 140 when the 
amplified electrical bioimpedance 'signal AZ(t) is greater 

20 than 0.9 volts. In the event that the amplified electrical 
bioimpedance signal AZCt) drops below 0.9 volts, the 
forward biased diode 170 and the resistor 172 will source 
the charging current required by the coupling capacitor 
140. KenOQ, it can be seen from Figure 8 and the 

25 description of the clsuaping circuit 142 herein, when the 
output of the clamping control circuit is high, the output 
of the clamping circuit will be a steady base-line voltage 
of approximately 0.9 volts. 

By clamping one side of the coupling capacitor 14 0 ro a 

3Q baseline voltage of approximately 0.9 volts, any change in 
the electrical bioimpedance signal above or below that 
baseline voltage is stored across coupling capacitor 140. 
In other words, the amplitude of the electrical 
bioimpedance signal at the beginning of the mechanical 

25 systole, less the baseline voltage of approximately 0-9 
volts, is caused to be stored across coupling capacitor 14 0 
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in opposite polaril^y in relation to the incomin? electrical 
bioimpedance signal. fflien the clamping circui-t 142 is 
released |. the electricaX bioisxpedance signal is re-coupled 
to the differentiator 116 through coupling capacitor 140/ 
5 Any variation in the electrical bioimpedance signal above 
or below the base--llne voltage of 0.9 volts that is present 
3ust prior to release of the clamping circuit. 142 is 
negated by that voltage variation having been stored across 
the coupling capacitor 140 when the demping circuit 142 

2,Q was active- The net result is that any changes in the 
electrical bioimpedance signal caused by respiration are 
suppressed except during the short period of time during 
which cardiac data is being quantified. Although the 
respiratory contribution is not suppressed during this 

IS short period of quantification, it is approximately a 
linear function iand therefore can be removed by simple 
etlgorithmic . means* Cleunping the electrical bioimpedemce 
signal to approximately 0.9 volts until just before the 
mechanical systole has the additional advantageous effect 

ZO of preventing the respiratory signal, roughly an order of 
magnitude larger than the electrical bioimpedance signal 
due to cardiac activity, fjrom driving the electronic 
circuitry C^.g* the differentiator lis and the variable 
gain amplifier 160) out of its linear range* 

2S In the embodiment illustrated in Figure 8, the 

differentiator 116 includes a differentiating capacitor 
180, a differentiatdLng resistor 182, a first bias resistor 
184, a second bias resistor 186 and a filter capacitor 188. 
The first bias resistor 184 and the second bias resistor 

30 ISS are connected in series between a DC power source 
(e.g. , +5 volts) and a ground reference to provide a 
voltage divider network having a reference voltage (e.g., 
1.56 volts) at a reference node 190 corresponding to the 
common connection between the two resistors 184^ 18 6 » The 

25 filter capacitor 188 is connected between the reference 
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node 190 and tlie ground reference to substantially reduce 
•or eliminate any noise at the reference node 190. The 
differentiating capacitor 180 has a first terminal 
connected to the output of the clamping circuit-r42— and-has 
5 a second terminal connected to the input of the variable 
gain amplifier 160. The differentiating resistor 182 has a 
first lead connected to the second terminal of the 
differentiating capacitor 180 and has a second lead 
connected to the reference node 190. The differentiating 

10 capacitor 180 and differentiating resistor 182 operate in a 
conventional manner to differentiate the signal output of 
the clamping circuit 142 and provide the differentiated 
. output as the input to the variable gain amplifier 160. 
However, since the second lead of the differentiating 

15 iresistor 182 is connected to the reference node 190 rather 
than the ground reference, the differentiated output signal 
is biased to a positive voltage with respect to ground so 
that for small voltage swings when the electrical 
bioimpedance signal is undamped during mechanical systole 

20 the voltage applied to the input of the variable gain 
amplifier 160 is positive. 

nhile the description focused on the clamping operation 
occurring . before the differentiator 116, it should be 
appreciated that clamping can be implemented after the 

25 differentiator 116 as shown in Figure 3B- Clamping the 
dZ/dt signal generated by the differentiator 116 has the 
same effect of reducing the voltage swing of the 
differentiated signal so that the electrical circuit 
operates within a limited voltage range during the 

30 mechanical systole of the heart - 

As set forth above, the clsuaping circuit is operated so 
that the electrical bioimpedance signal is forced to the 
baseline voltage immediately prior to the beginning of the 
mechanical systole of the heart. Thus, although the 

35 electrical circuits may have been operating outside their 
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linear ranges prior to 1:he occurrence of the QRS wave, the 
operation of the clamping circuit brings all of the 
electrical signals following the clamping circuit within 

jL5jiear'"range^ 

5 the mechanical systole - 

In an alternative embodiment not shown ^ the timing of 
the clamping control circuit 154 can be adjusted to 
maintain the differentiati^d electrical bioimpedance signal 
in the clsunped condition except during a small window of 

XO time that begins before the mechanical systole and ends 
after the conclusion of mechanical systole* For example, 
two timing signals can be incorporated into the clamping 
control circuit. The first timing signal can be initiated 
by the occurrence o£ the QRS signal as set forth above and 

IS wfll have time duration substantially eqpial to the Pre- 
Ejection Period. At the conclusion of the first timing 
signal, a^ second timing signal is generated that opens the 
above-described clamping switch 142 for an amount of time 
substantially equal to the time duration of the mechanical 

2a systole of the heart. When the second timing signal 
concludes^ the clamping switch 142 then closes until the 
beginning of the next mechanical systole- As set forth 
above r this embodiment has the advantage of suppressing the 
voltage swings except during the time when the bioimpedance 

2S signals are to be analyzed. 
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1. A non- invasive apparatus for measuring the 
cardiac output of a patient, comprising: 

a bioimpedance measuring device (102, 104, 106, 
5 110, 112 r 114) that produces an electrical 

bioimpedance signal indicative of the thoracic 
inqpedcuice as a function of time; 

a differentiating circuit (116) that receives a 
signal responsive to said electrical bioimpedance 
iO! signal, and that differentiates said signal responsive 

to said electrical bioimpedauice signal so as to 
generate a differentiated electrical signal indicative 
of the rate of change of thoracic impedance as a 
fiinction of time, characterized by 
X5 a clamping circuit (142) that periodically clamps 

said differentiated electrical signal so that said 
differentiated electrical signal is active only for a 
predetermined time duration following the beginning of 
each cardiac cycle. 
20 2 m The apparatus as defined in Claim 1, further 

characterized in that said bioimpedance measuring device 
comprises : 

• a current source (102) having a high frequency 
constant amplitude electrical current output? 
25 a pair of injector electrodes (104, 106) that 

inject the current output into a first portion of a 
patient's body; 

a pair of sensor electrodes (110, 112) that sense 
a voltage across a second portion of the patient's 
body caused by current flow in said first poirfcion cf 
the patient's body; and 

an amplifier (114) connected to said pair of 
sensor electrodes (110, 112) that receives said 
voltage and generates said electrical signal 
25 indicative cf the thoracic impedance as a function of 

time. 
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3. TJie appara'tus as defined in Claim 2, furtlier 
dxarac-berized in tba^ ssd.d clamping circuit: (142) comprises 
an. electirically contnrolled sw±tchr said s«rit:cli being t:dLmed 
1:o be closed excep-b during said predet:exmined -time 

5? following the beginning of eacft cardiac cycle. 

4. Tbe apparatus as defined in Claim 3, further 
(diaracterized by a timing circuit (154) to control said 
fivxtch^ said timing circuit (154) providing an output 
signal that controls the closing of said switch, said 

m timing circuit (154) responsive to the ECG output signals 
from the heart of the patient so that the operation of said 
switch is synchronized with the £CG output signals from the 
heart of the patient* 

5. The apparatus as defined in Claim 3, further 
XS characterized in that said electrically controlled switch 

is located at the input of said differentiating circuit 
(116) so that said electrically controlled switch clamps 
said signal responsive to said electrical bioimpedance 
signal* \ 
2Qi 6. The apparatus as defined in Claim 5, further 

cdiaracterized in that said electrically controlled switch 
clamps said signal responsive to said electrical 
bioimpedance signal to a predetermined baseline voltage 
^^C14.4). 

2S 7. The. apparatus as defined in Claim 3, further 

ch2u:acterized in that said electrically controlled switch 
is located at the output of said differentiating circuit 
Cllfi) • 

ff. The apparatus as defined in Claim 7, further 
3lCE: characterized in that said electrically controlled switch 
clamps said output of said differentiating circuit to a 
predetermined baseline voltage (144). 

9. A method of measxiring the cardiac output of the 
heart of a patient comprising the steps of s 
3S applying a high frequency constant current to a 

first portion of the patient's body? 
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sensing a voltage developed across a second 
portion of the patient's body caused by the flow of 
said high frequency constant current through said 
first portion; 
5 amplifying said sensed voltage; and 

differentiating said sensed voltage to provide a 
differentiated output signal^ characterized by the 
step of 

clamping said differentiated output signal so 
2Q that said differentiated output signal has a fixed 

magnitude during a selected time period prior to the 
mechanical systole of the patient's heeurt and has a 
variaible magnitude corresponding to the rate of change 
of said sensed voltage during the mechanical systole 
15 of the heart. 
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